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ABSTRACT 

C.~/l  '  V  1 .  kiCi  i 

^^ifhe  iaftued  ipecaA  of  the  diutioot  oJ  letrecyuioethyieBe  (TCNE)  utd  tetncyinognmodimrihuie 
(TCNQ),  eeneratetf^electrochemiceJlv  in  ecetonitr^  ue  dependent  upon  the  lupponinc  efecixotyte.  In 
particuUr.  the stretching  wevenumben  ue  highs  in  the  proenoe  of  eUceli  metal  salt*  than  in  the 
pteienoe  of  tetraaikylamniooium  salt*,  and  the  magnitude  of  the  shift  is  oonelaied  with  a  positive  shift  in 
tl.e  half-wave  potential  of  the  second  reductiaa  wave.  The  shifts  in  wavenumbs  and  half-wave  potential 
ue  attributed  to  contact  ion  pairing  between  the  dianiao  and  the  alltah  metal  catiotL  No  sudt  shifts  are 
observed  for  the  anion  radic^  of  TCNE  and  TCNQ  in  acetcoitiile,  nor  for  the  cbanion  of  TCNE  in 
dimethylsufoxide.  '  / 
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INTRODUCTION 

This  paper  reports  iofiared  spectra  of  the  anion  radicals  and  dianions  of 
tetracyanoquinodimethane  (TCNQ)  and  tetracyanoethylene  (TCNE)  in  acetonitrile 
(AN)  and  dimethylsu^hoxide  (DMSO)  solutions.  The  anions  and  dianions  were 
generated  electrochemically  and  the  spectra  were  obtained  by  the  SNIFTIRS 
method  [1]. 


*  Pnaant  addrcsu  Department  of  CbBtaKiy,  National  Univenaty  of  Singapote,  Kent  Ridge,  Singi^oie. 
**  PracBt  addtcaa;  Department  of  CbtBoitrj,  Boa  C60,  Texst  Tech  University,  Lubbock.  TX  79409- 
4260,  URA. 
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The  structures  of  TCNQ  and  TCNE  are  shown  helowfa  aprotic  solvents  the 
electrochemical  reduction  of  TCNQ  and  TCNE  takes  place  in  two  one-electron 
waves,  forming  a  stable  anion  radical  in  the  Hrst,  and  a  st^le  dianion  in  the  second. 

R  +  e-j±R"  (1) 

R-  +  e-»*R"-  (2) 

A  homogeneous  repropordonation  reaction  can  also  take  place  between  the  dianion 
and  the  neutral  molecule  to  give  two  radical  anions: 

R^-  +  Ra*2R" 

In  these  experiments,  however,  this  layer  of  solution  ws  thin  enough  that  all  species 
within  it  were  at  equilibrium  with  the  electrode,  and  since  equilibrium  (3)  lies  well  to 
the  right  it  could  be  ignored.  Experiments  using  a  thicker  solution  layer  will  be 
described  elsewhere  [2]. 

Cyclic  voltammetric  experiments  in  this  laboratory  [3]  have  provided  evidence 
that  strong  ion  pairing  takes  place  between  alkali  metal  cations  and  the  dianions  of 
TCNQ  and  TCNE  in  acetonitrile  solution;  the  half  wave  potentials  of  the  second 
reduction  waves  of  TCNQ  and  TCNE  were  less  negative  when  the  supporting 
electrolyte  was  0.1  M  lithium  perchlorate  or  sodium  perchlorate  than  when  the 
electrolyte  was  0.1  M  tetraethylammonium  perchlorate  (TEAP)  or  tetra-n-butylam- 
monium  fluoroborate  (TBAF),  indicating  that  the  alkali  metal  cations  interact  with, 
and  subilize,  the  dianions.  The  half  wave  potentials  of  the  first  reduction  waves 
were  independent  of  supporting  electrolyte,  indicating  that  the  radical  anions  do  not 
form  ion  pairs  with  alkali  metal  cations  in  acetonitrile. 

IR  spectra  can  differ  from  cme  environment  to  another,  and  in  particular  from 
solid  to  solution.  The  geometry  of  the  radical  ion  may  be  distorted  in  the  solid  sute, 
and  there  is  also  the  possibility  of  activation  of  usually  infrared  inactive  modes 
through  a  vibronic  interaction  mechanism,  involving  distortion  of  the  highly  polariz¬ 
able  charge  cloud  of  the  anion  by  the  highly  polarizing  counter  cation  to  produce  a 
dipole  osciUating  between  anion  and  cation.  Such  a  mechanism  has  been  suggested 
by  Devlin  and  co-workers  to  explain  the  appearance  of  a  strong  band  at  about  1370 
cm~'  in  the  solid  state  spectra  of  M'^TC1^'~,  where  is  an  alkali  metal  cation 
[4-7],  It  was  proposed  that  this  band  is  the  totally  symmetric  stretching  mode 
of  tte  electron  cloud  perpendicular  to  the  molemilar  plane.  Indeed  all  of  the 
detectaUe  infrared  ban^  in  the  600  cm~^  to  4000  cm~'  range  were  attributed  to 
totally  symmetric  stretching  modes  (A,  of  Djk)  activated  by  this  charge  oscillation 
mechanism  The  situation  is  further  complicated  by  the  strong  possibility  that  the 
TCNE  anion  radical  exists  as  a  monomer  in  solution  at  room  temperature  but  as  a 


dimer  in  the  solid  state  [8-10].  Some  bands  in  the  solid  suted  spectra  of 
(Na'^liTCNE^”  [7]  and  Na*TCNQ"  [11]  have  also  been  attributed  to  vibronic 
activation  of  totally  symmetric  modes. 

In  solution  the  counter  cation  might  affect  the  spectrum  through  ion  pairing.  For 
example,  Eargie  and  Emrich  [12]  have  found  that  in  the  fairly  nonpolar  solvent 
dime^oxyethane  the  C-O  stretching  wavenumber  of  the  benzophenone  radical 
anion  depends  upon  the  nature  of  the  counteraction,  the  wavenumber  varying  from 
1568  cm~^  in  the  presence  of  to  1575  cm~’  in  the  presence  of  Li*^.  These  shifts 
were  attributed  to  ion  pairing  between  the  anions  and  cations. 

Electrochemical  generation  of  the  radical  icms  allows  high  dielectric  constant 
solvents  and  large  organic  counter  ions  to  be  used,^l^der  which  jiSndition^  ion 
pairs  are  less  likely  to  form.  Restmance  Raman  speora  or  eiectrochonically  ^er- 
ated  TCNE'"  [13],  TCNQ'“  [14]  and  TCNQ^"  [15]  ^ve  been  obtained  in  acetonitrile, 
using  TBAP  as  supporting  dectrolyte.  Infiared  spectra  of  electrochemically  gener¬ 
ated  TCNE—-  [16]  and  TCNE^"  [17]  have  been  obtained  by  SNIFTIRS.  In  the 
case  of  TCNE‘~  the  electrode  material  was  platinum,  and  the  electfolytes  were 
TBAF  and  LiQ04.  Differences  between  the  spectra  in  the  two  electrolytes  were 
attributed  to  absorption  of  the  anion  only  in  the  presence  of  TBAF.  In  the  case  of 
TCNE^~  the  electrode  material  was  carbon,  the  electrolyte  was  TBAF,  and  the 
spectrum  was  attributed  to  TCN£^~  adsorbed  and  in  solution. 

The  spectra  described  here  were  obtained  with  LiQ04,  NaQ04,  TRAP,  and 
TBAF  as  elecuolytes,  in  order  to  study  the  effects  of  ion  pairing. 

EXPERIMENTAL 

For  most  experiments  the  spectrometer  was  a  Oigilab  Qualimatic  instrument  with 
a  cooled  (77K)  HgCdTe  detector.  The  spectrometer  was  purged  with  nitrogen  and 
the  cell  was  situated  outside  it.  The  cdl  and  other  instrumentation  have  been 
described  in  detail  elsewhere  [1].  The  woridng  electrode  was  a  7  mm  diameter 
platinum,  gold,  or  vitreous  carbon  disk  mounteu  on  the  end  of  a  brass  shaft  inside  a 
9  mm  diameter  Kel-F  tube.  The  electrode  was  pushed  up  against  a  CaFj  infrared- 
transparent  window,  forming  a  thin-layer  cell  Thin  layer  voltammetry  showed  the 
average  window  to  electrode  distance  to  be  50  fim.  The  window  bad  a  trapezoidal 
cross-section,  allowing  equal  transmission  of  s-  and  p-polarized  light.  For  acetonitrile 
solutions  the  reference  electrode  was  a  silver  wire  in  contact  with  AgNO]  (0.01  M) 
and  TBAF  (0.1  M)  in  acetonitrile.  For  DMSO  solutions  an  SCE  was  used.  All 
electrode  potentials  in  acetonitrile  are  referred  to  the  Ag/Ag'^  (0.01  M)  electrode, 
and  in  DMSO  to  the  SCE. 

Sodium  perchlorate  (GFS)  was  recrystallized  twice  from  triply  distilled  water. 
Anhydrous  lithium  perchlorate  (GFS)  was  used  as  received.  TBAF  was  prepared 
according  to  the  method  of  Lund  and  Iverson  [18]  and  recrystaUized  from  methyl¬ 
ene  chloride  and  distilled  water.  TEAP  (Eastman,  reagent  g^e)  was  recrystalliz^ 
twice  from  triply  distilled  water.  Reageit  grade  TCNE  (Eastman)  was  recrystaUized 
twice  from  chlorobenzene.  Reagent  grade  TCNQ  (Eastman)  was  used  as  received. 
Acetonitrile  (Burdick  and  Jackson  UV  grade,  water  content  nominaUy  0.009%)  and 
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DMSO  (Burdick  and  Jackson,  water  content  nominally  0.015%)  were  dried  over 
Woelm  neutral  alumina  (Supergrade  I)  before  use. 

For  each  system  interferograms  were  collected  at  three  potentials;  one  where  the 
neutral  species  was  stable,  one  where  only  the  anion  radical  could  coexist  with  the 
electrode,  and  one  where  only  the  dianion  could  coodst  with  the  electrode.  Usually 
128  interferograms  at  4  cm~‘  resolutions  were  collected  at  each  potential.  Ratioing 
two  of  the  three  averaged  interferograms  gave,  after  Fourier  transformation,  dif¬ 
ference  spectra  where  bands  pointing  down  arise  from  species  present  only  at  the 
more  negative  potential,  and  bands  pointing  up  are  due  to  species  present  only  at 
the  more  positive  potentiaL 

results 

The  anions  of  TCNE 

Figures  1,  3,  and  5  show  SNIFTIRS  spectra  of  the  TCNE  (5  mM)/TBAF  (0.1 
A/)/ AN  and  TCNE  (5  mMl/LiClO^  (0.1  M)/AN  systems  in  the  ON  stretching 


Fig.  1.  SNIFTUtS  difTenaoe  spectrum  in  CW4  nreictains  region  (or  leductioa  of  TCNE  to  TCNE at  a 
pt***—""  electrndf  Sohitioa  thickness  ca  SO  pm.  Solutioas  contained  TCNE  (S  taM)  in  aoetonitnle  with 
0.1  M  LiOQt  (up  spectrum)  and  0.1  M  TRAP  (bottom  spectrum)  m  supporting  dectrolyte.  Potential 
mntinlited  from  •t-0.3  V  u  -O.S  V  (va.  Ag/0.01  M  rkmace). 


Fig  2.  SNIFTIRS  spectrum  in  C-C  stretchnig  reguo  for  rwhiction  of  TCNE  to  TCNE'~  at  a  platinum 
electrode.  Same  parameters  as  Fig  1. 
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Fig.  3.  SNIFTIRS  differenoe  qiectnim  ia  ObN  stmchmg  regikm  for  nductioB  of  TCNE  to  TCN£^~  at  a 
plannum  electrode.  Solution  thicknen  ca  SO  pm.  Same  soiutiona  m  Fig.  1.  Top  spectrum:  0.1  M  LiQO< 
as  supportmg  electrolyte,  potential  modulated  from  4-0.5  V  to  - 1.2  V.  Bottom  spectrum:  0.1  M  TBAP 
as  supporting  electrolyte,  potential  modulated  from  -03  V  to  -2.0  V. 

Fig  4.  SKIFTIRS  difference  spectrum  in  C-C  stretcliing  region  for  reduction  of  TCNE  to  TCNE^~  at  a 
platinum  electrode.  Same  parameten  as  Fig.  3. 


region.  The  only  other  detectable  bands  are  in  the  1100-1300  cm~^  region,  and 
these  are  shown  in  Figs.  2, 4,  and  6.  (Noise  spikes  at  1160  and  1230  cni~  ’  have  been 
subtracted  out  of  the  TBAF  spectra  in  Figs.  4  and  6.)  A  platinum  electrode  was  used 
to  generate  the  anions  for  these  spectra,  but  similar  spectra  were  obtained  using 
pyrolytic  graphite  and  gold  electrodes.  All  bands  could  be  observed  with  either 
s-polaiized  or  p-polaiized  radiation,  so  all  must  arise  from  species  which  are  in 
solution  rather  than  on  the  electrode  surface.  Bands  obtained  in  the  presence  of 
LiQ04  were  usually  weaker  than  bands  obtained  in  the  presence  of  TBAF,  ap¬ 
parently  because  some  precaution  of  LijTCNE  salt  often  takes  place  when 
TCNE’~  is  generated  in  the  presence  of  Li'^.  When  TEAP  was  used  as  electrolyte 
the  qiectnt  woe  identical  to  those  obtained  with  TBAF  as  electrolyte. 

Figures  1  and  2  show  SNIFTIRS  spectra  taken  at  -0.4  V  (vs.  Ag/Ag'*'),  where 
TCNE“  is  stable,  with  reference  potential  +  0.4  V,  where  TCNE  is  stable.  Ihe  OaN 
stretching  bands  of  TCNE  are  apparently  too  weak  to  be  seen,  but  there  are 
negative  going  bands  from  TCNE'~  at  2187  and  2146  cm~'.  At  lower  wavenumbers 
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Fig.  5.  SNIFTIRS  difference  spectrum  in  OnN  stretching  tegion  for  reduction  of  TCNE'~  to  TCNE^~ 
at  a  platinum  electrode.  Solution  thidniess  ca  50  no.  Same  solutioas  as  Fig.  1.  Top  spectrum;  0.1  M 
LiQOt  as  supporting  electrolyte,  potential  modulated  from  -O.S  V  to  - 1.2  V.  Bottom  spectrum;  0.1  M 
TBAF  as  supporting  electrolyte,  potential  modulated  from  —0.5  V  to  - 2.0  V. 

Fig  5.  SNIFTIRS  difference  spectrum  in  C-C  streichmg  region  for  reduction  of  TCN£‘~  to  TCNE^~  at 
a  platittum  electrode.  Same  parameten  as  Fig.  5. 


there  is  a  positive  going  band  from  TCNE  at  1155  cm~\  and  a  negative  going  band 
from  TCNE'~  at  1180  cm~’.  The  wavenumbers  of  all  of  these  bands  are  indepen¬ 
dent  of  electrolyte. 

Figures  3  and  4  show  SNIFTIRS  spectra  for  electrogeneration  of  TCNE^"  in  the 
presence  of  TBAF  and  LiQ04.  The  nlerence  potential  was  again  +0.4  V.  While  the 
spectrum  of  TCNE"  in  acetonitrile  is  independent  of  electrolyte,  this  is  clearly  not 
the  case  for  TCNE^~.  With  TBAF  as  electrolyte  the  dianion  has  two  CsN  stretch 
bands.  at(t^41  and  2075  cm~\  and  a  band  at  1207  cm~^ 

Spectra  taken  with  reference  potential  -0.4  V  pdtere  the  anion  radical  is  stable 
and  with  working  potentials  when  the  dianion  is  stable  are  shown  in  Figs.  5  and  6. 

As  expected,  positive  going  bands  from  TCNE"  are  observed  at  2187,  2146  and 
1180  cm~'  with  both  electrolytes,  and  negative  going  bands  from  TCNE^~  are  t 

observed  at  2141,  2075,  and  1207  cm~*  with  TBAF  dectrolyte  and  at  2175,  2102, 
and  1232  cm  with  LiQ04. 
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The  aruons  of  TCNQ 

SNIFTIRS  spectra  in  the  C»N  stretching  region  for  the  TCNQ  (5  mM)/TBAP 
(0.1  3/)/ AN  and  TCNQ  (5  m3/)/LiQ04  (0.1  A/)/ AN  systems  arc  shown  in  Figs. 
7  and  8.  TEAP  and  NaC04  were  also  used  as  electrolytes;  TEAP  again  gave  the 
same  spectra  as  TBAF.  A  platinum  electrode  was  used  for  all  of  these  experiments. 
All  bands  reported  here  are  due  to  solution  species,  because  all  could  be  observed 
with  either  s-  or  p-polarized  radiation. 

The  spectrum  of  TCNQ‘~  (Fig.  7),  taken  with  working  potential  at  -0.2  V  and 
reference  potential  +0.4  V,  shows  two  ON  str  bands  for  TCNQ‘~,  at  2182  and 
21Sti  cm~\  and  a  weaker  band  for  TCNQ  at  2224  cm~'  (see  Table  1). 


WWCiaaWCTS/enf* 


M 

a 


2300  2000 

w«veNUMKns/on'‘ 


Hf.  7.  SNIFTIRS  differenoe  ipectnni  io  CmN  (tmchins  region  for  reduction  of  TCNQ  to  TCNQ~  at  a 
platmnm  electrode.  Solution  tluckaest  ca  30  nm.  Solutionf  oontained  TCNQ  (3  mM)  in  acetonitrile  with 
0.1  M  Lia04  (top  epectrum)  and  0.1  M  TBAF  (bottom  spectrum)  ai  luppottins  electrolyte.  Potential 
modulated  from  -f  0.4  V  to  -OJ  V  (vs.  Ag/0.01  M  A$*  reference). 


Rg.  1.  SNIFTIRS  diflerenoe  ipectrum  in  CaiN  itretdiing  region  (or  reduction  of  TCNQ  to  TCNQ^'  at  a 
platinnm  electrode.  Solution  thidmem  ce  30  Same  aolntione  aa  Fig.  7.  Top  ipectrum:  0.1  M  1X304 
ae  guppotting  electrolyte,  poieatiBl  modulated  bom  +0.4  V  to  -0.2  V.  Bottom  ipectrum:  0.1  M  TBAF 
u  mpportiBg  electrolyte,  potential  modulated  tram  -0.4  V  to  - 12  V. 
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TABLE  1 

Infrared  vibrational  wavenumben  of  TCNE  and  itt  anion*  in  acetonitrile 


Mode 

Vibrational  waveaumber/cm~' 

TCNE  * 

TCNE" 

TCNE  " 

TCNE^'/TBA* 

TCNE’VU*  " 

2263 

2183 

2141 

2175 

2230 

21^3 

2070 

2102 

,r,(A*) 

U5S 

1133 

1180 

1207 

1232 

938 

•  Ref.  10. 

^  Tbi*  work. 

'  Same  ravenumben  for  TCNE“/TBA'*’,  TCNE“/rEA*,  and  TCNE"/!**  systems. 
'*  Same  wavenumbers  for  TCNE^'/TBA'*’  and  TCNE ^ "/TEA"’  system*. 


The  OiN  str  bands  of  TCNQ”  (Fig.  8)  show  cimilar  beiiavior  to  those  of 
TCNE^~;  the  wavenumbers  are  lower  than  those  of  TCNQ'~  and  depend  upon  the 
electrolyte.  With  TBAF  and  TEAP  these  bands  are  at  2153  and  2106  cm“\  with 
Na004  they  are  at  2156  and  2110  cm~\  and  with  LiQ04  they  are  at  2166  and  2118 
cm~\  (The  positions  of  other  bands  are  listed  in  Table  2.) 

Experiments  where  the  concentration  of  LiQ04  varied  between  0.001  M  and 
0.1  M  (while  that  of  TBAF  was  half  constant  at  0.1  M)  produced  no  new  bands, 
suggesting  that  a  complex  of  only  one  suachiometry,  probably  1 : 1,  is  formed. 

The  same  experiments  were  carried  out  in  DMKO  with  TBAF  and  LiQ04  as 
electrolytes.  In  this  solvent  no  evidence  for  ion  pairing  was  obtained;  the  half  wave 
potentiab  of  noth  reduction  waves  of  TCNQ  were  independent  of  electrolyte,  and 
the  GaN  su  wavenumbers  of  the  anions  TCNQ’“  and  TCNQ^"  did  not  depend  on 


TABLE  2 

Infrared  vibrational  wavenumben  of  TCNQ  and  itt  anion*  in  aoeumitrile 


Mode 

Vibratiooal  wavcnumbcn/an"^ 

TCNQ 

TCNQ-  • 

TCNQ>"/TBA*  " 

TCNQ’-/N** 

TCNA^VU* 

rn-u) 

2224 

2182 

2133 

2136 

2166 

2224 

2156 

2106 

2110 

2118 

1576 

1545 

1306 

1301 

1501 

1493 

1493 

1362 

1296 

1296 

1209 

1223 

1235 

986 

843 

833 

821 

821 

•  SaaM  wavenumben  fo*  TCNQ"/TBA‘.  TCNQ  “/TEA*,  TCNQ~/Na* 
tern*. 

*>  Same  wavenumben  for  TCNQ*'/TB''*  and  TCNQ*"/TEA*  lyMoit. 


and  TCNQ“/Li*  jy*- 
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electrolyte  either.  In  fact  these  wavenumbers  (2180  and  2153  cm~'  for  the  anion, 
2131  and  2104  cm~'  for  the  dianion)  are  the  same  as  those  of  uncomplexed 
TCNQ'"  and  TCNQ^~  in  acetomtrile. 


DISCUSSION 


TCNE  is  planar  and  belongs  to  the  point  group.  It  has  four 
therefore  four  CsN  stretching  modes.  Two  of  these,  the  i'9(B]„)  and 


/icA 


groups  and 
sCBjJ  mpd^. 


are  infrared  active  and  Raman  inactive,  while  the  other  two,  the  ViCA,)  and  >’i9(B39) 
modes,  are  Raman  active  and  infrared  inactive.  Similarly  there“are  four  idMes  or 


modes,  are  Raman  active  and  infrared  inactive, 
mostly-  C  CLsttgtching  character:  IR  active  and  'uCBju)  modes,  and 

Raman  active  and  »2i(By)  modes.  The  only  other  in-plwe  stretching  mode 

lue  Kaman  active  i':!(A9)  m^de. 


rj^A^  m^ide,  which  is  mostly  stretching  of  the  central 
bond.  The  {rahsinisaon^spdctrum  [6]  of  neutral  TCNE  has  bands  at  2263,  2230, 
1133,  and  938  cm  and  these  have  been  assigned  to  the  p^,,  v^,  p^,  and  Pjo  modes 
respectively.  (Actu^y,  fOi  neither  neutral  TCNE  nor  for  its  anions  is  it  really 
knownwhietrtiN  stretch  band  corresponds  to  p^  and  which  to(^>XTCNE  also 
harbands  at  lower  wavenumbers  which  have  been  assigned  to  bending  vibrations.  If 
TCNE“  and  TCNE^“  are  planar  and  undistorted  (i.e.,  of  D21,  symmetry),  they 
should  also  have  two  IR  active  C^N  stretch  modes  and  r9)  and  two  IR  active 
C-C  stretch  modes  and  pjq). 

While  there  have  been  other  assigiunents  of  the  TCNE'"  bands  [16),  it  appears 
simplest  to  assign  them  to  the  normally  infrared  active  modes  of  a  species  with  D^i, 
symmetry.  Then  the  2187  and  2146  cm"*  bands  correspond  to  the  Pis  and  >9  C^N 
stretching  modes,  and  the  1133  and  1180  cm"*  bands  to  the  C-C  stretching 
mode.  These  assignments  are  summarized  in  Table  1.  The  p,o  stretch  could  not 
be  observed  because  it  is  below  the  1000  cm"  *  cutoff  of  the  CaFj  window  used  here. 
The  spectra  therefore  show  that  addition  of  an  electron  to  TCNE  weakens  the  C^N 
bonds  and  strengthens  the  C-C  bonds.  This  is  consistent  with  MO  calculations 
[19-23]  which  show  that  both  additional  electrons  go  into  an  orbital  which  is 
antibonding  w.r.t.  the  CbN  bonds,  bonding  w.r.t.  and  C-C  bonds,  and  antibonding 
w.r.t.  the  central  OC  bond.  The  spectrum  of  TCNE'"  in  solution  (Table  1)  is  quite 
different  from  the  spectrum  of  TCNE'"  in  solid  NaTCNE  [7]  state.  In  particular, 
the  ON  su  wavenumbers  are  higher  in  the  solid  sute  spectrum  (2222  and  2188 
cm"*),  and  the  solid-state  spectrum  has  additional  bands  at  ca.  1400  cm"*.  The 
appearance  of  the  bands  around  14(X)  cm"*  has  been  attributed  to  infrared 
activation  of  the  A^^OC  stretching  mode  by  an  interaction  of  the  anion  and  canon 
(4-7]rThis  interaction  could  also  increase  the  ON  str  wavenumbers  in  the  same 
manner  as  does  the  interaction  of  Li'^  with  the  dianion  (cf.  Fig.  3).  The  situation  is 
coiiq>licated,  however,  by  the  probability  of  bonding  between  adjacent  TCNE'" 
units  in  te  solid  state  [8-10],  vhich  may  also  cause  f-h«ng«!«  in  bond  orders  and  in 
selection  rules. 

Again,  it  is  simplest  to  assign  the  observed  bands  for  TCNE^~  to  the  p^,  P9,  and 
Pit  modes,  a.s.suTning  that  TCNE^~  has  symmetry  (see  Table  1).  This  would 


mean  that,  as  predicted  by  the  MO  calculations,  addition  of  an  electron  to  TCNE‘~ 
causes  further  weakening  of  the  CzN  bonds  and  further  strengthening  of  the  C-C 
bonds.  With  LiQ04  as  electrolyte,  the  dianion  bands  are  at  217S,  2102,  and  1232 
cm~'.  The  CsN  bands  are  shifted  to  lower  wavenumber  compared  to  the  anion 
radical,  but  not  by  as  large  an  amoimt  as  in  the  presence  of  TBAF.  This  difference 
is  attributed  to  strong  ion  pairing  of  TCNE^~  with  Li"^  and  not  with  (C4H9)4N*. 
Presumably  the  Li ion  either  undergoes  a  charge-transfer  interaction  with  TCNE^~ 
which  removes  some  electron  density  &om  the  antibonding  MO,  or  it  causes  a 
redistribution  of  w-electrons  within  the  dianion  such  that  the  ON  bonds  are 
strengthened.  It  seems  likely  that  only  one  Li'^  ion  is  involved  in  this  strong 
interaction  with  TCNE^~,  b^use  experiments  using  mixtures  of  TBAF  (0.1  M) 
and  LiCI04  (0.001  M  to  0.1  M)  show^  only  the  two  sets  of  ON  stretch  bands  of 
Fig.  3.  No  additional  bands  appeared  at  low  Li*^  concentrations,  as  might  be 
expected  if  there  were  complexes  of  more  than  one  stoichiometry.  (This  does  not 
rule  out  weak  interactions  of  other  Li*^  ions  with  the  complex.)  The  1232  cm~'  band 
of  the  complex  presents  a  problem.  It  is  at  higher  wavenumbers  than  the  C-C 
stretch  of  uncomplexed  TCN£^~,  yet  it  is  difficult  to  conceive  of  a  mechanism 
which  could  simultaneously  strengthen  both  the  C^N  and  C-C  bonds  of  example 
TCNE^~.  It  is  more  likely  that  the  1232  cm~*  band  is  the  normally  infrared  inactive 
stretching  vibration.  This  mode  could  be  made  infrared  active  by 
distortion  of  the  ir-electron  cloud  of  the  dianion  in  the  direction  of  the  cation,  which 
is  probably  sitting  above  the  molecular  plane,  causing  vibration  of  the  OC  bond  to 
give  rise  to  an  oscillating  dipole  normal  to  the  molecular  plane.  It  has  been 
proposed,  in  fact,  that  this  mechanism  of  activation  of  the  Vj  mode  is  responsible 
for  bands  in  the  solid  sute  infrared  spectra  of  M*TCNE'“  and  (Na'^)2TCNE^"  at 
ca.  1400  cm~*  [4-6]  and  1260  cm”*  [7]  respectively.  Possible  structures  of  the 
TCNE*~Li'*^  complex  will  be  considered  in  more  detail  below. 

The  OeN  stretching  wavenumbers  of  solid  NajTCNE  are,  quite  reasonably, 
intermediate  between  those  of  uncomplexed  TCNE^”  and  the  TCNE*”-Li*  ion 
pair.  The  dianion  appears  to  have  an  IR  active  C^  stretching  mode  and  an  IR 
inactive  C-C  stretch^g  mode  both  in  the  ion  pair  and  in  the  solid  state,  which 
suggests  that  the  two  environments  are  quite  similar. 

TCNQ  is  similar  to  TCT'IE  in  that  it  is  planar  and  of  D^,  symmetry.  Therefore 
TCNQ  and  its  anions,  if  they  are  also  planar,  each  have  two  infrared  active  CsN 
stretch  modes,  which  are  laMed  and  >']3(B2u).  For  neutral  TCNQ  these 

two  modes  are  coincident  at  2228  cm~*  [11]. 

There  are  a  number  of  bands  at  lower  wavenumbers  than  the  CN  str  bands,  and 
these  are  listed  in  Table  2.  Because  of  the  complexity  of  the  molecule,  and  because 
of  uncertainty  in  the  literature  [11,26],  no  attempt  is  made  here  to  assign  these  other 
bands.  The  positions  of  all  bands  of  TCNQ'”  are  independent  of  electrolyte.  The 
lowest  unoccupied  molecular  orbital  of  TCNQ,  into  which  the  additional  dectrons 
must  go,  is  antibonding  with  respect  to  the  ObN  bonds,  just  as  it  is  for  TCNE.  In 
accordance  with  this,  the  CaN  str  wavenumber  of  TCNQ*”  are  lower  than  that  of 
TCNQ. 
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TABLES 

QectrodMBncal  and  infrared  dau  for  the  reductioof  of  TCNE  and  TCNE'~  in  acetonitrile 


Reaction 

TCNE+ 1 

--.TCNE- 

TCNE' 

-  TCNE'- 

electrolyw  cation 

TBA* 

Na" 

U* 

TBA'^ 

Na-'U'^ 

£1/2  A  (VI-  Ag/Ag*  ) 

-0.07 

-0.07 

-0.07 

-1.05 

-0.94 

-0.79 

rcN  decreaae/cm~' 

82 

82 

$9 

26 

fcn  splitiing/cm~’ 

40 

40 

71 

73 

The  anticipated  weakening  of  the  OaN  bonds  occurs  upon  adding  the  second 
electron,  but  the  wavenumber  shifts  are  smaller  in  the  presence  of  allcali  metal 
cations,  and  once  again  this  is  attributed  to  coBq>lex  formation  with  the  small 
cations. 

The  SNIFTIRS  spectrum  of  TCNQ*~  (Table  2)  agrees  very  well  with  the  IR 
spectrum  of  LiTCNQ  in  acetonitrile  [26].  The  solid  sute  IR  spectra  of  alkali  metal 
salts  of  TCNQ*~  [11,26]  show  OaN  stitching  wavenumbers  which  are  higher  than 
those  of  solution  free  TCNQ*~,  and  which  increase  with  decreasing  size  of  the 
cation,  presumably  because  of  interactions  between  the  cations  and  the  anion. 

There  are  close  similarities  between  the  solution  spectra  of  TCNQ^~  (Table  2) 
and  the  solid  state  spectrum  of  NajTCNQ  [11],  which  has  strong  bands  at  2164, 
2096,  1303,  1498,  1303,  1238.  and  822  cm~‘,  and  weaker  bands  at  1398, 1433,  and 
1333  cm*V  The  average  ON  str  wavenumber  of  NajTCNE  (2130  cm"')  is  close  to 
that  of  the  TCNQ^'-Na"^  ion  pair  (2133  cm"'),  but  the  splitting  is  greater  in  the 
solid  state. 

Cyclic  voltammetry  provided  the  first  evidence  for  ion  pairing  between  alVali 
metal  cations  and  the  dianions  of  TCNE  and  TCNQ  in  acetonitrile;  the  half  wave 
potentials  (E1/2)  of  the  second  reduction  waves  varied  with  electrolyte,  while  the 
half  wave  potentials  of  the  first  reduction  waves  did  not  [3].  Further  evidence  for  ion 
pairing  comes  from  the  electrolyte  dependence  of  the  CbN  stretching  wavenumbers 
of  TCNE^"  and  TCNQ*".  Tables  3-3  compare  the  half  wave  potential  of  each 
reduction  wave  in  the  TCNE/ AN,  TCNQ/ AN,  and  TCNQ/DMSO  systems  with 
the  difference  in  average  OiN  str  wavenumber  between  the  oxidized  and  reduced 
species.  Also  shown  is  the  splitting  between  the  two  C^N  str  bands  of  the  reduced 
species.  A  number  of  points  are  apparent  from  these  Tables: 


TABLES 

EfactrodMoiieal  and  infrmd  dau  for  (be  raductioiu  ot  TCNQ  and  TCNQ"  id  acetonitrile 


Renetian 

TCBQ+e" 

-TCNQ 

•• 

TCNQ" 

+  «--TCNQ'- 

Uaetrotyu  cation 

TBA* 

Na-" 

U* 

TBA-" 

Na-" 

£i/sA(*a.Ag/Ag*) 

-0.11 

-0.11 

-0.11 

-0.66 

-0.63 

-0J2 

wqi  decceaae/cin"' 

53 

35 

53 

39 

36 

27 

'CN  ipliniiii/cm~' 

26 

26 

26 

47 

47 

48 
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TABLES 

Ekcaocfamcil  and  infrared  dau  for  the  reducsioBa  of  TCNQ  and  TCNQ’~  in  DMSO 


Reactioa 
electrolyte  catioo 

TCNQ+e- 

-  TCNQ  - 

TCNQ-  +  e- 

-TCNQ^- 

TBA'' 

U* 

TBA* 

U* 

^i/jA  SCD 

+  0J9 

-1-0^9 

-0J6 

-0.26 

rev  decreiae/CB~' 

54 

54 

39 

39 

Pen  9littiiia/ca~' 

27 

27 

47 

47 

(i)  For  neither  anion  radical  is  there  any  evidence  of  ion  pairing  with  nllrnli  metal 
cations. 

(ii)  The  half  wave  potentials  for  reduction  of  the  anion  radicals  to  the  dianions 
[3]  in  acetonitrile  bemme  less  negative  when  TBAF  or  TEAP  dectrolytes  are 
replaced  with  lithium  or  sodium  perchlorate.  This  shows  that  the  dianions  are 
subilized  by  interaction  with  thh  small  alkali  metal  cations. 

(iii)  causes  a  greater  positive  shift  in  than  dott  Na*^  [3].  It  was 
determined  that  the  ion  pairs  are  of  the  contaa  rather  th«n  the  solvent  separated 
type. 

(iv)  When  the  half  wave  potentials  indicate  that  ion  pairs  are  formed,  shifts  in 
the  OiN  str  wavenumbers  are  also  observed.  In  fact,  ion  pairing  causes  a  shift  to 
higher  wavenumber  which  is  roughly  proportional  to  the  positive  shift  in 

see  why  this  is  so,  we  point  out  pertinent  information  regai^g  the  structures  of  the 
ion  pairs.  It  is  most  likely  that  only  one  caticm  iatesMts  strongly  with  dianion, 
because  decreasing  the  the  concentration  of  metal  itm  fails  to  reveal  any  new  bands. 
This  cation  would  probably  be  situated  in  the  center  of  the  ir-electron  cloud  above 
the  molecular  plane  of  the  dianion;  a  less  symmetrical  location  would  give  rise  to 
four  IR  active  OsN  stretch  modes,  instead  of  the  two  which  are  observed.  (This 
location  would  also  nicely  account  for  the  infrared  activation  of  the  central  C=C 
bond  in  the  TCNE^'-Li'*'  conqrlex.)  According  to  a  simple  electrosutic  model, 
placing  a  cation  over  the  central  bond  of  TCN£^~  would  increase  the 
contribution  of  resonance  structures  such  as 


relative  to  structures  such  as 


V/’ 

/'  \ 
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Similar  considerations  apply  to  TCNQ^~:  placement  of  a  cation  over  the  center  of 
the  six>memt>ered  ring  would  increase  contributions  from  resonance  structures 
where  the  C^N  triple  bond  is  intact.  This  accounts  qualiudvely  for  the  increase  in 
OiN  str  wavenumber  caused  by  ion  pairing.  (Note  that  if  the  cation  was  associated 
with  an  N  atom,  a  decrease  in  GaN  str  waventunber  would  be  expected.)  According 
to  this  model,  then,  the  shift  in  and  shift  in  OaN  str  wavenumber  are  related; 
neglecting  changes  in  solvation  of  the  dianion  and  cation,  the  shift  in  measures 
the  energy  of  electrosudc  interaction  of  the  cation  with  the  negative  charges  on  the 
dianion,  and  the  shift  in  measures  the  ability  of  the  cation  to  pull  negative 
charge  off  the  nitrogen  atoms  and  towards  the  center  of  the  molecule.  Therefore 
both  the  shift  in  and  the  shift  in  r^i  increase  with  decreasing  size  of  the  cation 
and  decreasing  size  of  the  dianion. 

(v)  While  the  average  position  of  the  OsN  str  bands  of  the  dianions  are  affected 
by  ion  pairing,  their  splitting  is  predicted  to  be  independent  of  ion  pairing 
interactions.  In  fact  it  appears  that  the  difference  in  the  two  C^N  «tT^''h  bands  for 
the  dianions  is  directly  proportional  to  the  charge  per  ir*bonded  atom  in  the 
molecule,  the  constant  of  proportionality  being  390  cm"  ^ 

(vi)  There  is  no  strong  ion  pairing  between  TCNQ^~  and  Li*^  in  DMSO. 
Presumably  the  loss  of  solvation  of  iq>on  ion  pair  formation  makes  this  process 
unfavorable  in  DMSO.  (The  solvati<m  energy  of  li'^  is  higher  in  DMSO  than  in 
acetonitrile,  the  Gutman  donor  numbers  in  these  two  solvents  being  30  and  14, 
respectively  [27].) 

CONCLUSIONS 

(i)  Strong  contact  ion  pairing  takes  place  in  acetonitrile  between  alkali  metal 
cations  and  the  dianions  of  TONE  and  TCNQ.  The  spectra  of  the  ion  pairs  are  quite 
similar  to  the  solid  sute  spectra  of  the  dianions. 

(ii)  Ion  pairing  shifts  the  ON  stretch  bands  of  TCNE^~  and  TCNQ^~  to  higher 
wavenumber  without  changing  the  number  of  these  bands  nor  the  splitting  between 
them.  This  is  consistent  with  location  of  a  cation  above  the  centrd  OC  bond  in 
TCNE^~  and  above  the  six-membered  ring  in  TCNQ^". 

(iii)  Ion  pairing  appears  to  make  infrared  active  the  (totally  symmetric)  C«C 
stretching  vibration  of  TCNE^~. 

(iv)  The  spectrum  of  TCNE^~  in  acetonitrile  is  the  same  in  the  presence  of  TEAP 
as  it  is  in  the  presence  of  TBAF.  This  means  that  the  large  difference  in  the 
standard  heterogeneous  rate  constant  of  the  TCNE’~TCNE^~  couple  in  these  two 
systems  [3]  cannot  be  due  to  differences  in  the  structure  of  the  dianion,  and  must 

be  due  to  surface  effects  such  as  distance  dependent  electron  transfer  rates 
or  different  potential  distributions  in  the  double  layer. 

(v)  There  is  no  strong  ion  pairing  in  acetonitrile  or  DMSO  between  alkali  metal 
catioos  and  the  anion  radicals  of  TCNE  and  TCNQ.  The  spectra  are  very  different 
from  the  solid  state  spectra  of  TCNE*~  and  TCNQ*~  for  t^t  reastm. 

(vi)  There  is  no  strong  ion  pairing  in  DMSO  between  and  TCNQ^~, 
probably  becauM  of  strong  solvation  of  li'*'  by  DMSO. 
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